The genes hty A and hly B dictating synthesis and secretion of hemolytic toxin by Escherichia coll are transcribed as part of an operon hly C.hly A.hly B but are separated by an inverted repeat and poly-T sequence characteristic of a rho-independent terminator. The hly A-hly B intergenic sequence caused a reduction of In vivo transcripttonal read-through from the gal promoter Into gal K when Inserted In the pKG190O terminator-probe vector and also In vitro 3' to the bacteriophage T7 a10 promotor. Hybridisation of mRNA generated by the hly determinant of recomblnant DNA pBR202-312 to an antlsense RNA probe spanning the hly Intergenlc sequence revealed specific termination of 80% of In vivo hly transcripts within the poly-T sequence, immediately proceeding the hly B translation start. Extension of the hly determinant with 3.5kbp of hty promotor-proximal DNA sequence raised Intracellular and cell-free hemolytic activity 3-fold and 20-fold respectively and Increased markedly the secretion of the 107Kd hemolysin protein (HlyA). Parallel hybridisation of In vivo mRNA to hly A and hlyB antlsense probes revealed that levels of hly A and hlyB mRNA were Increased by approximately 3-fold and 90-fold. The dramatically enhanced level of hly B mRNA resulted primarily from specific suppression of transcription termination at the intergenlc rho-lndependent terminator from 80% to 1%, thus allowing virtually all hly A transcripts to elongate into hly B.
INTRODUCTION
The Escherichia coll hemotysln (hly) determinant encodes the synthesis of cytotoxlc hemolysin and its secretion across both bacterial membranes without the aid of an N-terminal translocation signal or peptide cleavage (1, 2) . The genes for the synthesis (hly A) and cytoplasmic posttranslational activation (hly C) of cytotoxlc hemolysin have been shown to be transcrfoed in an operon together with one of the 2 contiguous specific secretion genes, hly B (3, 4, 5) . This gene encodes HlyB, a putative ATP-bindlng membrane protein analogue of the mammalian P-glycoprotein (6, 7) , which together with a second membrane protein HlyD directs the complete export of hemolysin Into the medium (8, 9, 10) .
Transcription of the conserved hemolysin genes occurs in the order hly C.hly A, hly B from a promotor region proceeding hly C (3,11,12, fig. 1 ) but transcription of the synthesis and secretion genes is subject to pronounced operon polarity; the HlyB membrane protein Is made at relatively low levels (11, 13) and transcripttonal activity measured by 6-gal fusions is markedly lower within the hly B gene (4, 5) . In this report we demonstrate that strong operon polarity is caused by termination of hly transcription between the genes hly A and hly B, imposed specifically by an inverted repeat and poly-T sequence characteristic of a rho-lndependent terminator. We also show that in the presence of DNA proximal to the hly operon promotor region, efficient expression of tho hly 8 secretion gene is effected preferentially by the specific and strong suppression of transcription termination at this Intergenic rho-independent terminator.
MATERIALS AND METHODS
Bacterial strains and plasmids.
E.coll strains HB101 and 5KC (rec A1 hsd R hsd D) were used in this study. Plasmld pBR202-312 was constructed from pBR322 and pANN202-312, which contains the E.coll hly determinant of the wild-type plasmld pHly152 (10, 14) ; pEK50 contains the same hly determinant on a Sal I fragment of pHly152 but contains an additional ca.3460bp of hly promotor-proximal DNA, analogous to the plasmld described by Zabala et al. (15) . Plasmids pKG19-t(+) and pKG19-t (-) were constructed by cloning the pBR202-312 477bp Pvu Il-Eco RV restriction fragment, which contains the hly A-hly B Intergenic region, into the Sma I site of terminator-probe vector pKG1900 (16) between the E.coll gal promoter and the galK gene. The orientation of the inserted fragment is Indicated by (+) or (-). Recombinant plasmids used for the preparation of anti-sense RNA probes were derived from the Genescribe vectors pT7-1 and pT7-2 (US Biochem. Corp.), which utilise the specific In vitro activation of the strong class III T7 bacteriophage 010 promotor by T7 RNA polymerase (a kind gift of Bill Studier, Brookhaven). The 477bp Pvu Il-Eco RV fragment spanning the Intergenic region was cloned in the correct and reverse orientations Into the Sma I site of pT7-2 to give respectively pT7-t(+) and pT7-t(-). The hly A-internal 812bp Hln dill -Eco Rl fragment was cloned into the corresponding sites of pT7-1 to give pT7-hly A and the 799bp Eco RV-Ps/1 fragment was cloned Into the polylinker Sma \-Pst I sites of pT7-2 to give pT7-hly B. The control measurement of bla transcript levels was made using antlsense RNA generated from pT7-bla, pT7-2 carrying the bla -Internal 296bp Hlnc\\-Pst I fragment.
Assay o( hamorysln SBcrntlon.
(a) Hemolytlc activity was measured during batch growth of E.coll 5KC transformants at 37°C, shaking In Brain Heart Infusion broth containing 50jig/ml amplclllln. Aliquots of culture were removed at Intervals during exponential growth (A 500 0.2-0.85) and assayed for both intracellular and cell-free secreted activity In, respectively, a cleared cell extract of bacterial cells lysed by lysozyme treatment and supernatant from a cell-free centrifuged culture. Lysozyme treatment entailed resuspending pelleted washed cells from 1ml. of culture in 35u.l. buffer (25mM HEPES-KOH, pHS.O, 5mM EGTA, imM DTT), freezing In liquid nitrogen, thawing at 10°C, then Incubating with 3uJ 2M KCI and 1u.g/u.l lysozyme at 0°C. Samples were refrozen and thawed, then diluted in HEPES buffer to the original culture volume. Samples were incubated for 15-30 mln. at 40°C in a 2% suspension of erythrocytes In 0.85% NaCI, 20mM CaCI2 after which hemoglobin released was measured at A 54J . Activity was calculated as arbitrary hemolytlc units (1 unit causing release of 50mg of hemoglobin In 1 hr. of the standard test). Preparation of cellular RNA.
Cellular RNA was prepared from plasmld-bearlng E.coli HB101 or 5KC as described previously (12) , except that cells containing pKG1900 gal K recomblnant plasmlds were grown In minimal M9CA medium containing 0.2% D-fructose at 32°C.
PrRparation of anti-sense RNA probes.
Linearised recomblnant DNAs were used as templates for the In vitro generation of full-length run-off transcripts. The plasmids pT7-t(+), pT7-t(-) ,pT7-hly B and pT7-b/a were digested with Eco Rl, the plasmid pTI-hty A was digested with Hln dill. These linear DNAs were used as templates for RNA synthesis. High specific activity RNA probe synthesis was carried out using template DNA (0.2-1.0u.g/ul) in 30u.l 20mM sodium phosphate, pH7.7, 10mM DTT, 8mM MgCI2 , 4mM spermldine(HCI)3 , 0.5mM each of ATP, GTP and UTP, 12u.M CTP and RNasin (1 unit/u.l, Promega
Biotech.). 50u.Clof a-32 P CTP (800Cl/mmol, Amersham UK) and T7 RNA polymerase (10u.g/ml, a kind gift of Bill Studler, Brookhaven) were used for each reaction, which were incubated at 37° C for 60mln. DNA template was removed by the addition of RNase-free DNase I (Promega Biotech.,1 unlt/|ig DNA) and Incubation at 37° C for 15 mln. Samples were separated from unincorporated radioactivity on G100 sephadex columns and the appropriate fractions ethanol-precipitated with 10u.g carrier tRNA. Each full-length RNA probe was purified by electrophoresls through a denaturing 6% polyacrylamide-7M urea gel. Position of the probe In the gel was determined by autoradiography (5 min. exposure) and the band was carefully excised. RNA was eluted In 2-3 volumes of 1X TE, 0.1% SDS, 1mM EDTA and Proteinase K (10u.g/ml) at 37°C overnight, then extracted with phenol twice, phenol/chloroform (1:1) and chloroform once and ethanol-precipitated with 10u.g carrier tRNA.
RNase CSi-typn*^ transcript mapping.
The procedure used was modified from that of Melton et al (17) . Total cellular RNA (50ug) was hybridised with the appropriate anti-sense RNA probe in 80% formamkJe, 40mM PIPES, pH6.4, 0.4M NaCI, 1mM EDTA at 45° C overnight. Following hybridisation RNase A (40uo/ml) and RNase T1 (2u.g/ml) were added and digestion allowed to proceed at 25°C for 15 mln (both enzymes from P.L.Biochemicals). RNase digestion was terminated by addition of SDS to 0.6% and Proteinase K (7mg/ml) followed by incubation at 37°C for 15 min. The reaction was extracted once with phenol/chloroform (1:1) and the 32 P-RNA/RNA hybrids ethanol-precipltated with 20ng carrier tRNA. Hybrids were analysed by electrophoresis through a denaturing 6% pofyacrylamide-7M urea gel and autoradlography at -70° C with Intensifying screens.
DNA sequencing.
Nucleotide sequence of the pVU763-703 Intergenic region was achieved by the Sanger dideoxy method from recombinant M13 bacterlophage (1B).
RESULTS
Transcription termination separates the hlv synthesis and secretion genes.
The hemolysin genes hly C and hly A dictate the synthesis of active intracellular hemolysin and the (jenes hly B and hly D Its secretion. The genes hly C,Mv A,Wy B are transcribed coordinated from a region proximal to hty C ( fig.1 ; 5,12,13) but the genes for synthesis and secretion are separated by an intergenic region containing an Inverted repeat sequence capable of forming a stable stem-loop secondary structure (the most stable being AG-19.6kcal/mol). This repeat is followed Immediately by a run of thymidlne residues, characteristic of a rho-independent transcription terminator (19) .
Both the palindrome and the poly-T sequence are, like the hly genes themselves, closely conserved
In chromosomal hly determinants of E.coli (14, 20) To demonstrate that In vivo Intergenlc termination was occuring at this locus we examined the levels of hly RNA generated by the plasmkj pBR202-312, which bears the cloned 4-gene hly determinant of pHly152 (10, 14) and, as a control, E.coli carrying the parent vector pBR322.
Total cellular RNA was isolated from early logarithmic growth phase cultures of the E.coli strains and the pBR202-312 hly A transcript(s) terminating at, or elongating through, the putative hly Antltermlnallon dictates hlv B expression and full hemolvsln secretion.
The plasmid pBR202-312 carries ca.12.7kbp of pHly152 bearing the synthesis and secretion genes and also 1342bp hly -proximal ONA and ca.2060bp Wy-distal DNA. This and other comparable hly recombinant DNAs (10, 23, 24) determine only weak specific secretion of active intracellular hemotysin protein and this is in contrast to the very efficient secretion of active hemolysin observed in wild-type hemolytlc E.coll and P.vulgaris (10, 23) . Cloning of hly determinants carrying additbnal hly flanking, sequence determines higher hemorytic activity (24) and in fig.5 we show that this is due primarily to a dramatic increase In specific secretion activity. The plasmid pEK50, which contains an additional ca.3460bp of hly C-proxImal DNA ( fig. 1 ) determines levels of extracellular hemolytic activity 20-fold higher than those directed by pBR202-312 ( fig.5a ). Intracellular hemolytic activity is also higher, but to a much lesser extent (3-fold). The marked effect on secretion was shown vividly by direct assay of the extracellular cell-free 110Kda hemolysin protein (HlyA) secreted by the 2 strains (flfl.5b).
That the activation of secretion function had a transcripttonal basis was demonstrated by the quantitative comparison of hly transcripts from E.coll carrying the plasmids pBR202-312 and pEK50. Equivalent amounts of total RNA were isolated from the 2 strains at Identical growth points and hybridised with each of 2 T7-generated anti-sense RNA probes of comparable length derived from the 792bp Hin dlll-Eco Rl (RNA 1) and 812bp Eco RV-Psf I (RNA 3) restriction fragments which lie within the hly A and hly B genes, respectively (fig.1) . The relative concentrations of hly A and htyB transcript generated by the 2 recombinant DNAs showed ( fig.5c ) that the additional htyCproximal DNA of pEK50 Increases the levels of transcript from both the hly A hemolysin structural gene (ca.3-fold, measured by scanning the hybrid bands In autoradiogrammes resulting from different exposure times) and, far more strikingly, from the hly B secretion gene (approximately Figure 6 . The hly promotor-upstream DNA suppresses intergenic termination. Hybridisation of antlsense RNA 2 to total RNA isolated from E.coll 5KC carrying pBR202-312 (-) and pEK50 (+ ). RNA hybrids resulting from terminated and elongated transcripts are arrowed.
90-fold, again from scanning autoradiogrammes of different exposure times). The specific significance of this small increase In transcription of the synthesis gene hly A Is unclear as using a control bla antlsense RNA probe we find (data not shown) a parallel 2-to 3-fold increase in the level of pBR322 vector B-lactamase gene transcript, resulting in a 2.5 fold Increase in ampicillin resistance of E.coll 5KC. What is nevertheless clear is that the drastic enhancement of secretion function is due to a dramatic Increase in transcription of the secretion gene hly B.
To ascertain the basis for the markedly preferential increase In hly B transcription, qualitative differences In hly transcription were assessed by probing the same RNAs generated by pBR202-312 and pEK50 with RNA 2, complementary to the hlyA-hlyB intergenic region ( fig.6 ).
RNA 2 hybridisation confirmed that no additional transcript was Initiated within the hlyA-hlyB Intergenic space and showed that the substantial activation of hly B expression has 2 components, a small increase In transcription through hly A and, of much greater prominence , transcript elongation through the intergenic region distal to hly A. The data show that pEK50, containing the htyC-proxlmal DNA, directs a drastic reduction in the transcription termination exerted by the hly A-hly B Intergenic terminator. The relative hybridisation Intensities determined by the terminated and elongated transcripts within each track again showed that ca.80% of hly transcripts made by pBR202-312 were terminated distal to hly A out that in contrast practically all (i.e. over 98%) of the hly transcripts directed by pEK50 were elongated into hly B. The difference in hybridisation Intensity evident between the 2 tracks would be expected to be ca.8-(okJ, resulting from the ca.3-told increase in hly A (RNA I) hybridisation (flg.5) and the 2.6-fold greater length (and thus radioactivity) of the elongated hybrid. The apparently greater disparity seen In flg.6 may Indicate Inherent differences between the RNA 2 hybridisations. Notwithstanding this, the data Indicate strongly that the preferential Increase In hly B transcript levels was due primarily to transcript elongation exerted through the hly A-hly B intergenic rho-lndependent transcription terminator.
DISCUSSION
The sequence and organisation of the 4 contiguous hemolysln genes encoding hemolysln synthesis and secretion are closely conserved among E.coll and the related enterobacteria Proteus and Morganella (9, 10, 12, 23, 25) . The secretion of the cytotoxic hemolysin protein is remarkable in that it proceeds without N-terminal signal recognition or peplkJe cleavage and dictates export across both membranes out Into the medium (1,2,9). The export is dependent upon an as yet uncharacterlsed C-terminal signal (9, 26) and apparently requires only 2 specific membrane proteins encoded by the export genes hly B and hly D (8, 9, 23) , at least the first of which is co-transcribed with those for synthesis (3, 4, 11) . The hly determinant therefore presents a defined example of coordinated expression of synthesis and secretion of protein and It would not be surprising that a possibility exists for modulating the relative expression of the 2 functions. Our data Indicate that this is achieved by transcription antltermination.
The genes for synthesis of active Intracellular hemolysin immediately proceed those encoding its subsequent export and are separated in the wild-type conjugable plasmld pHly152 by a 60bp intergenic region which contains an Intergenic inverted repeat sequence. While extragenlc palindromic (REP) sequences can affect E.coll gene expression by stabilizing upstream mRNA (27) , the hly inverted repeat immediately proceeds a run of thymldine residues (14) which is characteristic of a rho-independent transcription terminator (19, 21) and Is conserved In chromosomal hly determinants of E.coll (20) Inverted repeat sequences in bacteria routinely define specific 3' termini of monoclstronlc and potydstronlc messages (19, 21) . The exploitation of transcript termination as a means of enhancing operon polarity is less frequent and only a few examples of these have as yet been shown to be regulated. Regulation is positive, dictates transcript elongation through the termination point, and is termed transcription antitermlnation (28) . Anti-terminator activity has been described In the rRNA operon (29, 30) and also the tna (31) and bgl (32) 
